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ABSTRACT

Two commerciallyavailablelargeareasiliconavalanchephotodiodes(APD) werecharacterizedin thelaboratory. Theresponse
of theAPD’s to a sequenceof 8-bit pulsepositionmodulated(256-PPM)laserpulses,with andwithout additive background
noise,wasrecordedandstoredfor postanalysis. Empirical probability densityfunctions(pdf’s) wereconstructedfrom the
signalandnoiseslot dataandcomparedto pdf’s predictedby an analyticalmodelbasedon Webb+Gaussianstatistics. The
pulsesequencewasusedto generatebit-error rate (BER) versussignalphotonsper pulseplots, albeit with large error bars
due to the limited numberof signal pulsesstored. TheseBER measurementswere also comparedwith analytical results
obtainedby usingtheGaussianandWebb+Gaussianmodelsfor APD channelstatistics.While themeasurementsqualitatively
reflectfeaturespredictedby theory, significantquantitative deviationsweredisplayedbetweenthe measurementsandtheory.
The sourceof thesediscrepanciesis not currentlywell understood,but it is surmisedthat inaccurateknowledgeof detector
parameterssuchasgainandnoiseequivalenttemperaturemodelsmayexplain thediscrepancies.
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1. INTRODUCTION

A progressreporton laboratorycharacterizationof silicon avalanchephotodiodes(APD) is presented.Theeffort is motivated
by the needto develop pulsepositionmodulated(PPM) receivers[1] requiredfor deepspaceoptical communications.The
APD is a likely candidatefor the front-endopto-electronicconversiondevice requiredby the receivers. Previous studies[2]
have establishedthathigh peakpower lasertransmittersarenecessaryfor viableoptical links requiredfor futureNASA inter-
planetarymissions.Consequently, PPMlasertransmittershavebeenidentifiedasthemostlikely candidatesfor providing deep
spacecommunicationsneeds.Popularwavelengthsat which the requiredpeakpower canbe achieved are the fundamental
andsecondharmonicsof Nd:YAG, Nd:YVO4 andNd:YLF lasers.As a result,532nm and1064nm werechosenfor detector
characterization.Froma systemengineeringpoint of view, the1064nm wavelengthis preferable,asa 3 dB power penaltyis
incurredwith useof thefrequency-doubled532nm. In addition,greatervulnerabilityto atmosphericturbulenceandbackground
noiseexistsat532nm. However, significantlyimproveddetectorquantumefficiency (by afactorof two) canberealizedat532
nm comparedto 1064nm.

The PPM receiversarebeingdevelopedto operatein conjunctionwith large aperture(10m diameter)groundbasednon-
imagingquality telescopes.Thereforethe lasersignalmusttraversean atmosphericpathprior to collectionandfocusingby
thetelescope.Previousanalysis[3] hasshown thatatmosphericturbulencewill limit theachievablefocal spotsizesevenwith
a perfectsurfacequality 10 m telescopeto approximately2 mm in diameter. Furthermore,thenon-imaging(“photonbucket”)
telescopesbeing consideredin order to reducecost of implementationwill only add to the focal spot sizes. With this in
mind,commerciallyavailable3 mmdiameterdetectorsfor 532nmand1064nmwavelengthswerechosenfor characterization.
Largedetectorareasof courseintroducebandwidthlimitationsasaconsequenceof increasedcapacitance.Reducedbandwidth
canrestrictthedetectorsability to resolve the received laserpulses,therebynecessitatingan increasein the PPM slot width.
However, increasingtheslot width increasesthevulnerability to backgroundnoise.Furthermore,not beingableto resolve the
laserpulsecompromisestherangingability of adeepspaceopticalcommunicationsreceiver, afunctionthatis highly desirable.

Photoncountingdetectorscanprovidenearshotnoiselimited performance.However, commerciallyavailablestate-of-the-
artphotoncountingdevicesdonotperformwell in thepresenceof backgroundnoisesincecountsgenerateddueto background
noisecannotbedistinguishedfrom signalcounts,especiallywhenthelaserpulsewidthsareof theorderof thecounterrecovery
time (10 to 20ns).While suchdetectorsmaywork well for night-time(low backgroundnoise)links, theirperformancewill be
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severelycompromisedin thepresenceof backgroundnoise.Oneof theobjectivesof thepresentstudywasto evaluatedetectors
thatwouldperformin thepresenceof backgroundnoise.Thisconfinedthechoiceof detectorsto thermalnoiselimited devices.
Giventhis limitation thehighestachievablequantumefficiency andlowestnoisecharacteristicsweresought.

Previousreportson APD detectorcharacterizationhave usuallyuseda 4-PPMmodulationscheme[4]. Moreover, current
modulateddiodes(810-860nm)[4] andintensitymodulatedsolidstatelasers(1064nm)[5] wereusedto achievetheAPD char-
acterization.Sensitivitiesof 264incidentphotons/bitfor abit errorrateof FHGJILK werereportedat1064nmusingsuchascheme.
In thepresentwork aQ-switchedsolidstatelasermodulatedusing256-PPMwith 50-100kHz repetitionrates(comparedto the
Mbpsusedpreviously) is used.Theobjectiveof thework wasto comparelaboratorymeasurementswith ananalyticalmodel.
Goodagreementwill allow link design,aswell asdevelopmentof algorithmsfor symbolandslot synchronizationrequiredfor
developingthebackendof thePPMreceiver.

2. EXPERIMENTAL SETUP

An AdvancedPhotonixModel 118-70-74-641thermoelectricallycooledAPD moduleanda nearinfraredenhancedPerkin
Elmer (formerly EG&G) 30659GAPD integratedto a customhigh voltagetemperaturecontrolled(HVTC) boardsupplied
with theAPD, wereusedat532and1064nm. In Figure1 weshow aschematicrepresentationof theexperimentalarrangement
used. A Q-switchedNd:YVO4 laseroscillator [6] is usedto provide 1064nm light with a pulsewidth that variesfrom 1–3
ns for repetitionratesof 1–100kHz. When532nm light wasbeingusedfor detectorcharacterizationthe1064nm light was
transmittedthroughafocusinglensandalithium niobatecrystalfrequency doublerassemblyshown in Figure1. Thecollimated
laserbeamat 1064or 532nm wasincidentthrougha variableattenuatorandpellicle beamsplitteron a lensthat focusedthe
light down to aspot.Thelight pathfollowing thelenswassplit by a secondpelliclebeamsplittersothatit wassimultaneously
incidentupona power sensor(Anritsu Model MA9802A) andtheAPD to becharacterized.Thesplitting ratio of the532and
1064nm light wascalibratedseparatelyby moving thepowersensorbackandforth betweenthetwo locations.

Thepelliclebeamsplitterprecedingthelensin thelight pathallowedtheintroductionof additivebackgroundnoisefrom a
tungstensourceemittingthrougha light pipe.Thewhite light wasfilteredusinga narrow bandpassfilter (10 nm @ 532and3
nm @ 1064nm).

Figure 1. A schematiclayoutof theexperimentalarrangementusedfor performingthedetectorcharacterization

Thelaseris externallymodulatedusingthePPMmodulatorwhichconsistsof anelectronictiming circuit thatcansimulate
a restrictedversionof 256-PPMin which thepulsesaresteppedsequentiallythroughthe256slotsusinga ring counter. The
slot width canbeindependentlyvariedat thechosenpulserate. In theresultsto bepresented,50 kHz and100kHz repetition
rateswith 25 ns(532nm) and10 ns(1064nm) slotwidthswereused.

Thepower sensor, APD, andlensassemblywereenclosedinsidea light tight box with a holeto admit thelaserandwhite
light. An electronicshutteroperatedremotelyfrom outsidetheenclosure(not shown in figure)allowsblockingof theAPD.



Theprocedurefollowedfor acquisitionof PPMdataconsistedof attenuatingthelaserbeamto low averagepowerssothat
barelya few pulsesweresensedby the APD. A datastreamwasrecordedfor postanalysis.The attenuationwasgradually
reducedwhile pulsesequenceswererecorded.Thelow averagepowersusedwereusuallybelow the-65 dBm sensitivity level
of thepower sensor;however, by usingtheremotelyoperatedelectronicshutter, thedetectorcouldbeblockedandthepower
recordedwithout attenuation.This power could thenbe convertedto averagepower incident on the detectorusingknown
attenuationvaluescalibratedseparately. This wasfound to be the mostreliablemethodof determiningthe averageincident
power, from which theaveragenumbersof photonsperpulseweredetermined.

A Tektronix754Coscilloscopewasusedto recordthepulsestreams.This oscilloscopehasanextendedacquisitionmode
that allows the recordingof 8 million records.Half of this availablestoragecapacitywasusedto recordsynchronousPPM
triggeron oneof thechannelswhile the remaininghalf wasusedto storetheAPD output. Typical samplingratesusedwere
500MS/secand1 GS/sec.Thus,themaximumnumberof pulsesthatcouldberecordedwere400at 50 KHz pulserepetition
frequency (PRF),or 800at 100KHz PRF. Matlabroutineshave beendevelopedfor performingspotcheckson thenumberof
pulsesreceived usinga maximumlikelihoodalgorithm. The outputof the maximumlikelihoodalgorithmcanbe compared
with therecordedtriggerpulseswherethelaseris known to havefired in orderto obtainsymbolandbit errorrates.

3. COMPARISON OF RESULTS WITH THEORY

Laboratoryperformanceis evaluatedthroughcomparisonsof themeasuredAPD outputstatisticsandPPMbit errorprobabilities
with analyticalprobability densityfunctionsand error rate calculations. In order for the laboratoryperformanceto match
theoreticalpredictions,it is importantthat thestatisticalcharacteristicsof theempiricaldatamatchthe theoreticalmodels.If
thedistributionsof theAPD outputstatisticsfor signalandnoise(non-signal)slotsin theempiricaldatamatchthetheoretical
probabilitydensityfunctionswell, wecanbeconfidentin basingsystemdesignsonthetheoreticalmodels.Weprovideanumber
of plots that comparethe empirically constructeddensitiesof signal and non-signalslots to thosepredictedby theoretical
analysisandapproximation,andwecomparetheexperimentalandtheoreticalbit errorratesfor adetectionalgorithmunderthe
assumptionof perfecttimesynchronization.

3.1. Analytical Model of the APD Channel

Following the formulation found in [4], we model the output of the APD photodetectorpackageas the sum of Webb and
Gaussianrandomvariables.Theaveragenumberof photonsabsorbedby anAPD illuminatedwith total optical intensity MONQPSR
in TVU secondscanbeexpressedas WX�Y>Z[3\^],_@`a MONQPSRSb#P (1)

where
[

is Planck’s constant,
\

is the optical frequency, and Z is the detector’s quantumefficiency, definedas the ratio of
absorbedto incident photons. The actualnumberof photonsabsorbed,X , is a Poissondistributed randomvariable. The
probabilitycONed/f WX R thatanAPDgeneratesd outputelectronsgiven

WX meanabsorbedphotonscanbederivedfromtheMcIntyre-
Conradidistribution [7], but maybeapproximatedby thecontinuousWebbdensityfunction[8] asfollows:

cONed/f WX R Y Fg h"i WXVj$kmlon Fqp r I3sqtutu swvCxmyzv{I}|S~��L� x k	�m�J�.���� Ned � j WX R kh WXVj k l n Fqp r I3s�tutu sOvCxmyzv�IV|�~��
����

(2)

Here,j is theaverageAPD gain, � is theionizationratio,and l is theexcessnoisefactorgivenby l�Y � j p�N h � F@� j R�N�F � �:R .
Addedto the randomnumberof APD outputelectronsis an independentGaussianthermalnoisecharge from the follow-on
electronics[4]. The probability densityfunction for the slot statisticis thereforethe convolution of the WebbandGaussian
densityfunctions,andmaybewrittenas cONe��f WX R YB��r=� a3� NQ�O�S� r ��� k R�cONed/f WX R�� (3)

where � NQ�O�S� r ��� k R is theGaussiandensityfunctionwith mean� r Y d���p��mU TVU andvariance� k Y¢¡ h ���£U�po¤�¥ _¦ §V¨ T kU , as
given in [4]. Here, � is the electroncharge, © is Boltzmann’s constant,T is the equivalentnoisetemperature,�mU is the APD
surfaceleakagecurrent,and ¨ is thesingle-sidednoisebandwidth.Thevalueof theloadresistanceª�« is givenby thefeedback



Table 1. Systemparametersfor APD channel.

Parameter 532nm APD 1064nm APD¬
(PPMorder) 256 256TVU (PPMslot duration) 25 ns 10 nsZ (quantumefficiency) 0.8 0.38� (ionizationratio) 0.0015 0.02j (averagegain) 150 19� U (surfaceleakagecurrent) 4.2nA 100nA�m­ (bulk leakagecurrent) 42 pA 10pAT (equivalentnoisetemperature) 1993K 300Kª « (loadresistance) 10 k ® 1.5k ®

resistanceof thetransimpedanceamplifierfollowing theAPD. Notethat theAPD surfaceleakagecurrentis not multiplied by
theAPD gainandis modeledhereasa constantDC current.Thebulk darkcurrent � ­ , on theotherhand,is multiplied by the
APD gainandis modeledaspartof thebackgroundradiation.

An approachthat is commonlyusedto simplify calculationof PPM symbolerror probabilitiesis to modelthe densityof
the APD outputelectronchargeasGaussianwith mean � j WX andvariance� k j k l WX . Thenthe slot statisticconsistingof the
sum of APD outputelectronsand amplifier thermalnoiseis also Gaussian,and hasmean � Y � j WX p¯�mU TVU andvariance� k Y±° h � k j k l WX p,���mU TVU{p ¤ ¥ _3_@`¦V²±³ ¨ TVU . Althoughsimple,thisapproximationdoesnotyield accurateresultsoverall regions

of interest,aspreviouslyshown in [4].

For
¬

-ary PPM with slot duration TVU , the total charge is integratedover eachslot time TVU , resultingin a vectorof
¬

independentobservablesfor eachreceivedPPMword. It wasshown in [9] thatgiventheseobservables,themaximumlikelihood
detectorstructureconsistsof choosingthePPMsymbolcorrespondingto theslot with thelargestaccumulatedchargevalue.IfWX ­ and

WX U arethemeannumberof absorbedbackgroundphotonsperslotandthemeannumberof absorbedsignalphotonsper
pulse,respectively, the

¬
-aryPPMsymbolerrorprobabilityis´�µ N ¬ R Y F � ] �I � cONQ��f WX ­�p WX U R�¶ ],·I � cONe¸}f WX ­¹R�bº¸º»½¼ I}| b#�O� (4)

wherecONe��f WX R is givenin (3).

3.2. Probability density function comparisons

Outputvoltagesignalsfrom the 532nm APD and1064nm APD weresampledat a rateof 500 MS/secandaccumulatedto
form 25 nsslots,with 12 to 13 samplesperslot. Theseslotswerethenseparatedinto signalandnon-signal(noise)slots.Note
thattheseslotstatisticsarein unitsof accumulatedvoltageoveraslot,whereastheanalyticalmodelof theprevioussubsection
waspresentedin termsof accumulatedslotcharge.In theplotsthechargeis simplyconvertedto voltageacrosstheloadresistor
by multiplying by ��ª « �@T U�¾ r�¿�À µ , whereT U�¾ r�¿�À µ is thesampletime.

Theslot countscanbe put into a histogramin orderto show the empiricalprobability densityfunction (pdf). Due to the
highorderof PPMsignalingusedandtheamountof deadtimebetweenPPMwords(50kHz repetitionratefor the532nmAPD
and100kHz repetitionratefor the1064nm APD), therearesignificantlymorenoiseslotsthansignalslots.Morespecifically,
for the532nm APD therewere400signalslotsandover300,000noiseslots,andfor the1064nm APD therewere800signal
slotsandover 700,000signalslots.This meansthat theempiricallyobservednoiseslot pdf shouldbequitecloseto theactual
pdf, while theempiricalsignalpdf mayexhibit moreunevenness.

The parametersrequiredto predict the pdf’s of the APD outputsaregiven in Table1. Thesevaluesareas reportedor
publishedby the APD vendorsandwerenot independentlyconfirmed. The noiseequivalentbandwidthis approximatedto
be ¨ Y F��JN h TVU R Hz, which is that of an ideal integratorover duration TVU . Although the equivalentnoisetemperaturewas
estimatedfor the532nm APD by tuningthegainto nearlyzeroandmeasuringthenoisepoweroutputof thepreamplifier, this
measurementwasunableto betakenfor the1064nm APD soroomtemperaturewasusedasadefault.



Usingtheseparameters,thepdf’s for theWebb+Gaussianmodelof theAPD werecomputedfor eachcollectionrun. The
densityfunctionrequirescomputationof aconvolution integral for eachpointon thecurve. A comparisonof theempiricaland
theoreticalpdf’sareshown in Figures2 through5 for thetwo APD’swhentherearezeroand100incidentbackgroundphotons
(
WX ­ÂÁ ) perslot. In eachfigure,plots of the lowestsignalpower andhighestsignalpower in thedatacollectionrun areshown.

Therewasa certainamountof biasthat variedwith the backgroundpower, so in all of the figuresthe empiricalcurveswere
shiftedso that the empiricalnoisepdf peaklined up with the theoreticalnoisepdf peak. The separationbetweensignaland
noisecurvesandthewidth of thesecurves,however, arethefeaturesthatpredicterrorperformance.
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As maybeseenin Figures2 through5, therearesignificantdiscrepanciesbetweentheempiricalandtheoreticalpdf’s for

both the 532nm and1064nm data,moreso in the latter case.The empiricalnoisepdf’s aresmoothandfairly Gaussianin
appearance,while the empiricalsignalpdf’s aremoreirregular, dueto the smallersamplesizeof the signalslots. As these
pdf’s arevery closeto Gaussianin shape,they may be characterizedby their meansandvariances,so we shall discussthe
discrepanciesbetweenthe empiricalandtheoreticalresultsin thoseterms. We continueto believe that the Webb+Gaussian
model is the bestmodel to usein designinga communicationslink. It is most likely that the main causeof discrepancies
betweenthe laboratorydataandtheoryis inaccurateestimationof parameters,which candramaticallyaffect thetheoretically
predictedresults.This mayincludeimpreciseknowledgeof theAPD gain,systemnoisetemperature,andreceivedsignaland
backgroundlevels.Othercausesof erroraretiming jitter in thelaser, spurioussourcesof DC bias,andexternalradiofrequency
interferencesources.

In all of thefiguresshown, theseparationbetweenthemeansof theempiricalnoiseandsignaldistributionsis largerthanthe
separationbetweenthetheoreticalcurves,a featuremoreevidentin thehigherpowerplotsof Figures2(b),3(b),4(b),and5(b).
Morespecifically, themeanof theempiricalsignalslotdensityis higherthanthatof thetheoreticalsignalslotdensityfunction.
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Thiscouldbecausedby imperfectknowledgeof APD parameterssuchastheaveragegainor surfacecurrent.In particular, the
gainof theAPD wasderivedfrom usingDC white light illumination asprovidedby themanufacturer. Sincethis mayleadto
discrepancieswhenpulsedlight is used,moreaccurategainmeasurementtechniquesarecurrentlybeinginvestigated.Another
possibleexplanationfor thediscrepanciesis imperfectmodelingof thelaserpower. For mostdataruns,theseparationbetween
thenon-signalandsignalpdf’swasgreaterthanpredicted.This is consistentwith anunderestimateof theactualmeannumber
of photonsreachingtheAPD detector. Also, unwantedoscillationsin thedetecteddatadueto RF pickup from othersources
(suchasthepower supplyon theHVTC boardthat the1064nm APD is integratedto) will affect thedistribution of thedata,
andmayplay a part in themeandiscrepancies.Finally, someamountof biasmaybedueto theeffect of digital sampling,and
quantizationerrordueto the8-bit quantizationof therecordingdigital oscilloscopemayalsodegradetheaccuracy of thedata,
but this doesnot explain thesystematicdifferencesweobserve in thepdf’s.

All of theplots alsoshow that the variancesof both the empiricalnoiseandempiricalsignaldensitiesarelarger thanthe
theoreticalvalues.Uncertaintyin the APD gainvalueswould againcontribute to this problem. Much of the error, however,
is dueto inaccurateknowledgeof thesystemnoisetemperature.As mentionedearlier, theeffective noisetemperatureof the
preamplifierloadfor the532nm APD wasmeasuredat 1993K whentheAPD gainwasmadeverysmall.However, it appears
from Figures2 and3 that T maybeevenhigher. Mis-estimationof systemnoisetemperaturewouldhelpexplaindiscrepancies
observedin thevariancesof both thesignalandnoiseslot counts.Similarly, thedefault valueof 300K usedfor the1064nm
datais obviously too low, asFigures4 and5 show. We do not believe that timing jitter hasa largeeffect on theresultsfor the
532nm APD, becausethejitter wasmostlyconfinedto within a few nanoseconds,andthe25 nsslot durationwassufficient to
containthereceivedpulse. (Note thatalthoughthetransmittedlaserpulsewasaround3 ns the low bandwidthof the532nm
APD spreadthe receivedpulseto around20 ns.) However, timing jitter doeshave an effect on the varianceof the 1064nm



data,asthehigherbandwidthof the1064nmAPD yieldedadetectedpulselessthan10nswideandallowedfor anarrowerslot
width of 10 ns. Thetiming jitter thereforewould bemorelikely to causethesignalpulseto slip out of thesignalslot, thereby
corruptingthesignalhistogramdatacollection.Thediscrepanciesbetweenexperimentandtheoryareespeciallyevidentin the
plotsin Figures4(b)and5(b),whichshow empiricalsignalpdf’sthatareveryspreadout,clearlyrequiringfurtherinvestigation.

4. BIT ERROR RATE COMPARISONS

Theslot countscollectedto createtheempiricalpdf’s mayalsobeusedto calculatetheempiricaluncodedsymbolerror rate
(SER),by comparingeachsignalslot countwith 255non-signalslot counts.ThetheoreticaluncodedSERis calculatedusing
(4), with both theWebb+Gaussianaswell astheslightly lessaccuratecompletelyGaussianapproximationusedfor theAPD
outputdensityfunction.Theuncodedsymbolerrorrateis convertedto anuncodedbit errorrate(BER) via theapproximation¨EÍ ª�Î ¬ NÈÏ Í ª$Rh N ¬ � F@R � (5)

where
¬ Y h É"Æ is thePPMorder. A comparisonof theempiricalandtheoreticalBER’s areshown in Figures6 and7 for the

532nm and1064nm detectordata,respectively. Becauseonly 400 or 800symbolswereprocessedfor eachempiricalBER
point,we alsocomputedthe95%confidenceinterval basedon samplingfrom a binomialdistribution. Notethatat lower error
probabilities,theerrorbarsarequitelargedueto thelackof anadequatesamplesize.
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Thebit error ratesshown in Figures6 and7 areconsistentwith thepdf’s shown earlier. In Figures2 and3, theempirical

separationbetweenthenoiseandsignalpdf’s is larger thantheoreticallypredictedfor the532nm APD. This is alsoreflected
in theBER’s of Figure6, which show anempiricalBER that is 1 to 2 dB lower thanpredictedwith eithera Gaussianmodel
or a Webb+Gaussianmodel.On theotherhand,theempiricalbit errorratesfor the1064nm APD arelargerthantheoretically
predicted,andappearto decreasemoreslowly. Oneof the reasonsfor this may be that timing jitter causesdetectionerrors
regardlessof how high the signalphotoncount is made. Although the empiricalseparationbetweennoiseandsignalpdf’s
is larger thanexpectedfor the 1064nm detectordata,the empiricalvarianceis alsomuchlarger thananalyticallypredicted,
leadingto thehighererrorprobability. It is alsoworth noting that the two backgroundcasesshown in Figure7,

WX ­ÈÁ Y G andWX ­ÈÁ Y FHG#G , havepracticallyidenticaltheoreticalBERcurves,whichdoesappearto bethetrendfor theempiricalcurvesaswell
for the10 nsdata,althoughtherearenot enoughdatapointsto confirmthis. An additionalsetof dataat 1064nm wastaken
underzerobackgroundconditionsandwith slightly wider15nsslotsin anattemptto removesomeof theeffectsof timing jitter,
andshows thata BER of 0.01is metwith approximately2300incidentsignalphotons.On theotherhand,theuncodedBER
designrequirementof 0.01is metby the532nm detectorwith approximately90 incidentsignalphotonsat zerobackground
levels.With background,the1064nmdatadoesnotmeetthisBER,whereasthe532nmAPD meetsit with approximately110
incidentsignalphotons.
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5. CONCLUSIONS

In thispaper, theresultsof ongoingexperimentsusingcommerciallyavailablesiliconavalanchephotodiodesfor pulseposition
modulationdetectionwere comparedwith theoreticalmodelsin order to characterizethe real-world performanceof these
detectors.Both a 532nm anda 1064nm APD weretestedthroughtheconstructionof empiricalprobabilitydensityfunctions
for signal and noisePPM slots, and throughthe calculationof bit error probabilities. Although thereis somequalitative
agreementbetweentheexperimentalresultsandtheory, significantdiscrepanciesexist betweenthemeansandvariancesof the
outputstatistics,which arereflectedin thebit errorrates.Many of thesediscrepanciesmaybetracedto impreciseknowledge
of channelparameters,especiallynoiseequivalenttemperatureandaverageAPD gain. De-integratingthe1064nm APD from
theHVTC boardwill allow for morestringentcontrolsonparametermeasurementsandthedecouplingof interferencesources.
Specifically, anexternalpowersupplymaythenbeused,removing onesourceof RFpickup. It is crucialthataccuratemethods
of systemparametermeasurementbeused,andthatthediscrepanciesnotedin this paperbeexaminedandunderstoodin order
to enablethe designof missionlink budgetsanddevelop optical receiver processinghardware. Continuingwork will focus
uponrefinementof parametermeasurementtechniques,resolutionof discrepancies,andclosureof thegapbetweentheoryand
practice.Independentconfirmationof parametersusedfor analyticalpdf’s is in order.

While matchingtheexperimentaldatawith theoreticalmodelsis necessary, we canarriveat anotherconclusionjust on the
basisof thecomparisonbetweenthelaboratoryperformanceof thetwo differentwavelengthdetectors.Althoughthe1064nm
wavelengthis superiorto the 532 nm wavelengthin termsof transmissionpower andatmosphericattenuation,andthe 1064
nm detectorhasbetterbandwidthpropertiesthanthe532nm APD, theexperimentalresultsshow thatthe1064nm detectoris
nonethelessoutperformedby the532nm APD in termsof bit errorrates.It appearsthatfor the1064nm detector, too muchof
aslot width reductionintroducesdegradationfrom timing jitter. This timing jitter hasits origin in thelaserQ-switchandis not
addressedin this paper. Aside from the timing jitter, the1064nm detectorsensitivity in termsof requiredsignalphotonsper
pulseis a factorof 10worsethanthatof the532nmdetector. RFpickup,lowerquantumefficiency, andpoorergainandexcess
noisecharacteristicsareall contributing factorsto this. Certainlyin orderto take advantageof thesystemsadvantagesat 1064
nm, thedetectorperformancemustbeimproved.
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